Molecular beacons (MBs) are hairpin-like¯uores-cent DNA probes that have single-mismatch detection capability. Although they are extremely useful for many solution-based nucleic acid detections, MBs are expensive probes for applications that require the use of a large number of different DNA probes due to the high cost and tedious procedures associated with probe synthesis and puri®cation. In addition, since both ends of MB probes are covalently modi®ed with chromophores, they do not offer the¯exibility for¯uorophore change and the capability for surface immobilization through free DNA ends. In this report, we describe an alternative form of MB, denoted tripartite molecular beacon (TMB), that may help overcome these problems. A TMB uses an unmodi®ed oligodeoxyribonucleotide that forms a MB-like structure with two universal single-stranded arms to bring on a universal pair of oligodeoxyribonucleotides modi®ed separately with a¯uorophore and a quencher. We found that TMBs are as effective as standard MBs in signaling the presence of matching nucleic acid targets and in precisely discriminating targets that differ by a single nucleotide. TMBs have the necessary¯exi-bility that may make MBs more affordable for various nucleic acid detection applications.
INTRODUCTION
Molecular beacons (MBs) are single-stranded DNA probes useful for solution-based nucleic acid detection (1) . A typical MB, with a¯uorophore attached at the 5¢ end and a quencher at the 3¢ end, forms a hairpin-like, stem±loop structure by itself (Fig. 1A) . In this closed structure form, the¯uorophore is located within a short distance of the quencher and the energy absorbed by the¯uorophore is not emitted as¯uorescence but transferred to the quencher and released as heat. As a result, the system is unable to¯uoresce strongly on its own. When a target nucleic acid is introduced, the formation of the rigid helical structure between the loop of the MB and the target causes the dissociation of the hairpin stem and the separation of the¯uorophore from the quencher. Since the distantly located quencher is no longer able to absorb the energy from the excited¯uorophore, the open state MB emits stronḡ uorescence. MBs have signi®cant advantages over linear probes (2, 3) . They serve as simple¯uorescent reporters for speci®c nucleic acid targets in hybridization assays without the need to separate the probe±target complex from excess probes. The signaling speci®city is very high and similar nucleic acid targets that differ only by a single mismatch or deletion can be distinguished with precision. The¯uorescence reporting is very sensitive and¯uorescence enhancement up to two orders of magnitude can be observed when a matching target is introduced. Because of all these, MBs have been used in a variety of nucleic acid-based detections. For example, MBs were used to monitor the synthesis of speci®c nucleic acids (4±7), to set up one-step assays to identify single-nucleotide variations in DNA (8±11) and to detect speci®c RNA molecules within living cells (12, 13) .
Despite the aforementioned advantages, standard MBs have drawbacks. First, MBs are expensive to make. Each MB has to be individually synthesized in order to covalently link thē uorophore and quencher moieties onto a speci®c DNA probe. Each synthesized MB needs to be rigorously puri®ed to remove failed sequences. It is particularly important to eliminate probes that have a¯uorophore attached but lack the quencher because these molecules will cause high background uorescence. Secondly, covalent integration of¯uorophore and quencher with DNA offers no¯exibility in¯uorophore change. For situations where two or more DNA probes with identical DNA sequences but with different¯uorophores need to be used, multiple syntheses and puri®cations have to be carried out. Thirdly, for applications that involve surface immobilization (such as DNA microarrays and optical biosensors), MBs have to be immobilized on the surface. Since most¯uorophores can be photo-bleached relatively easily, extreme care is needed during the immobilization process to prevent the photo bleaching of the¯uorophore. Moreover, since both the 5¢ and 3¢ ends of a MB are occupied, traditional ways of arraying DNA oligonucleotide onto solid supports through terminal modi®cations cannot be applied to MBs and other attachment methods have to be used (14±18). Considering all these problems, the application of MBs in situations where it is desirable to detect hundreds or even thousands of different nucleic acid targets simultaneously or separately can become dif®cult and expensive. It would be too costly to construct a DNA chip that consists of a large number of different MB probes. Thus, there remains a real need for a novel MB format that can help solve the problems associated with standard MBs and make MBs easy to use and more affordable for applications that demand a large number of probes. In this report, we describe an alternative form of MB that may help overcome some of the aforementioned problems. More speci®cally, we have reformulated a MB into a tripartite DNA assembly, which we termed a`tripartite molecular beacon' (TMB). A TMB uses an unmodi®ed DNA oligonucleotide that forms a MB-like structure with two universal single-stranded arms to bring on a universal pair of DNA oligonucleotides modi®ed separately with a¯uor-ophore and a quencher. In the ®rst stage of our assessment described herein, we found that TMBs were as effective as standard MBs in signaling the presence of matching nucleic acid targets and in precisely discriminating targets that differ by a single nucleotide. With the new formulation, MBs have now the necessary¯exibility that should help make them more affordable for various high throughput applications.
MATERIALS AND METHODS

Oligodeoxyribonucleotides
Normal and modi®ed oligodeoxyribonucleotides were all prepared by automated DNA synthesis using standard cyanoethylphosphoramidite chemistry (Keck Biotechnology Resource Laboratory, Yale University; Central Facility, McMaster University). MBs used for our studies contained uorescein as the¯uorophore and/or 4-(4-dimethylaminophenylazo)benzoic acid (DABCYL) as the quencher. Fluorescein and DABCYL were placed on the 5¢ and 3¢ ends of the relevant oligodeoxyribonucleotides, respectively. 5¢-Fluorescein and 3¢-DABCYL DNAs were synthesized using 5¢-¯uorescein phosphoramidite and 3¢-DABCYL-derivatized controlled pore glass (Glen Research, Sterling, VA).
Unmodi®ed DNA oligonucleotides were puri®ed by 10% preparative denaturing (8 M urea) polyacrylamide gel electrophoresis, followed by elution and ethanol precipitation. 5¢-Fluorescein-and/or 3¢-DABCYL-modi®ed oligodeoxyribonucleotides were puri®ed by reverse-phase high-pressure liquid chromatography using a Beckman-Coulter HPLC System Gold with a 168 Diode Array detector. The HPLC column was an Agilent Zorbax ODS C18 column, 4.5 Q 250 mm (5 mm). A two-buffer system was used with buffer A being 0.1 M triethylammonium acetate (pH 6.5) and buffer B being pure acetonitrile. The best separation was achieved by using a non-linear elution gradient (10% B for 10 min, 10±40% B in 65 min) at a¯ow rate of 0.5 ml/min. The main peak was found to have very strong absorption at both 260 and 491 nm. The DNA within central two-thirds of peak-width was collected and dried under vacuum. Puri®ed oligodeoxyribonucleotides were dissolved in water and their concentrations were determined spectroscopically. All chemical reagents were purchased from Sigma.
Fluorescence measurements
The following concentrations were used for various oligodeoxyribonucleotides (if not otherwise speci®ed): 100 nM for uorophores, 200 nM for hairpin DNA, 300 nM for quenchers and 600 nM for complementary DNA target. All measurements were made in 500 ml solutions containing 500 mM NaCl, 3.5 mM MgCl 2 and 10 mM Tris±HCl (pH 8.3). The¯uorescence of all MB mixtures was measured on a Cary Eclipse Fluorescence Spectrophotometer (Varian) with excitation at 490 nm and emission at 520 nm. For obtaining the thermal denaturation pro®le of a particular reaction mixture, the DNA solution was heated to 90°C for 5 min, and the temperature was then decreased from 90 to 20°C at a rate of 1°C/min. A reading was made automatically for every 1°C decrease.
RESULTS
Design of TMBs
We hypothesized that a MB can be reformatted into a threecomponent system, as shown in Figure 1B , which we termed a tripartite molecular beacon (TMB). The¯uorophore is now attached onto the 5¢ end of a small oligodeoxyribonucleotide (FDNA) and the quencher is linked to the 3¢ end of another small oligodeoxyribonucleotide (QDNA). The third oligonucleotide (LDNA) is a standard, unmodi®ed oligodeoxyribonucleotide that consists of ®ve sequence segments. The 5¢ domain (shown in purple) is complementary to the FDNA and together they form an intermolecular stem, designated as stem-2. The 3¢ segment (shown in yellow) is complementary to the QDNA and together they form another intermolecular stem, designated as stem-3. The two short sequence motifs (shown in blue) next to the FDNA and QDNA binding domains are self-complementary and are able to form an intramolecular stem, designated as stem-1. The probe sequence segment (shown in red) is complementary to an external nucleic acid target (shown in sea green). In the absence of a target sequence, the LDNA adopts the closed state structure and the tripartite DNA assembly does not uoresce strongly. In the presence of the target sequence, the TMB is converted to the open state, the¯uorophore moves away from the quencher and, consequently,¯uorescence is emitted.
It is important that stem-2 and stem-3 are very stable so that the FDNA and QDNA anneal strongly with LDNA. This is particularly true for the temperature range from 20 to 50°C within which nucleic acid hybridizations are usually carried out. The strong interaction between FDNA and LDNA as well as between QDNA and LDNA can be achieved by having a high GC content in both stems. Figure 1C lists two GC-rich, 15-bp duplexes, duplex-1 and duplex-2, that have an observed T m of 68 and 66°C, respectively (calculated from the melting curves determined using absorption spectroscopy with a solution containing 10 mM Tris±HCl, pH 8.3 at 23°C, 0.5 M NaCl, 3.5 mM MgCl 2 and 0.1 mM of DNA). The use of such stable duplexes as stem-2 and stem-3 was expected to strongly link FDNA and QDNA with LDNA.
The ability of QDNA to quench the¯uorescence of FDNA was tested with a linear duplex assembly in which a template DNA engages both FDNA1 and QDNA1 in helical structure formation to bring the¯uorophore and the quencher into close proximity. As seen in Figure 1D , the¯uorescence of the DNA mixture was very low when FDNA1 and QDNA1 were fully assembled onto the DNA template at a low temperature range.
At high temperatures, FDNA1 and QDNA1 were dissociated from the template and strong¯uorescence was observed. This indicates that closely located QDNA1 can ef®ciently quench the¯uorescence of FDNA1. An apparent T m of 68°C was derived with the data shown in Figure 1D . It is noteworthy that the maximal¯uorescence of the mixture was found to be at 74°C, beyond which the¯uorescence intensity decreased linearly. Examination of the solution containing only FDNA1 (or containing both FDNA1 and QDNA1) revealed the same pattern (data not shown), suggesting that FDNA1 was completely dissociated from template-1 at 74°C and thē uorescence decrease beyond 74°C simply re¯ected the temperature dependence of the intrinsic¯uorescence of FDNA1.
It is apparent from Figure 1D that the properly annealed FDNA1 and QDNA1 have low¯uorescence within the temperature range of 20±60°C. For example, the¯uorescence intensity at 37°C was only~10% higher than that at 20°C. Even at 50°C, the solution had a¯uorescence that was onlỹ 40% higher than that at 20°C. Therefore, the TMBs constructed with these two oligodeoxyribonucleotides were expected to behave similarly to the standard MBs within the normal temperature range used in most nucleic acid hybridization experiments.
It is well known that DNA sequences with high GC/AT ratios are prone to the formation of a variety of different secondary structures. Therefore, the use of binding arms with high GC content can be a cause for secondary structure concerns. However, the usual appearance of the melting curve of the linear duplex assembly suggests that the two high GCcontaining binding arms do not behave abnormally in the presence of fully complementary FDNA and QDNA, indicating that the two sequences that we have designed are adequate for TMB constructions.
Comparison of standard MBs and TMBs
To test whether a TMB has a detection performance similar to a standard MB, we constructed TMB1 and compared its properties with a previously studied MB (4), named here as MB1. TMB1 and MB1 share the same hairpin loop and stem sequences while TMB1 has extra binding arm sequences shown in Figure 1C . Thermal denaturation pro®les ( Fig. 2A) were obtained for both TMB1 (®lled data points in green) and MB1 (open data points in red) under three sets of conditions: in the absence of target (in diamonds), with a perfectly matched target (in squares) and in the presence of a mismatch target (in triangles). The melting curves of MB1 and TMB1 had similar appearances under each condition. In the absence of a nucleic acid target, the¯uorescence in both systems experienced a rapid drop when the fully denatured solution was cooled to pass the point at which the intramolecular stem started to form, bringing the¯uorophore and the quencher into close proximity. The intensity reduction signi®cantly slowed down at~60°C for MB1 and at~50°C for TMB1 when most of the beacon molecules existed in the closed structure state. When the match target was used, the¯uorescence intensity reached a minimal value at 52°C for TMB1 and at 56°C for MB1. A further decrease in temperature resulted in a rapid uorescence increase indicative of the formation of duplex structures between the DNA target and the probe sequence and the dissociation of the internal stem (1±3). The¯uorescence increase was highly speci®c since another target that contained a single mismatch caused a much smaller¯uorescence increase in both systems.
There were two visible differences in the temperature pro®les of the two MBs. First, MB1 had an apparent T m of 74.5°C that was 12°C higher than that of TMB1 (62.5°C). The observed melting point of MB1 is in excellent agreement with the calculated T m of 74.2°C (in 1 M NaCl) by the M-fold program (http://bioinfo.math.rpi.edu/~mfold/dna/form1.cgi). The smaller T m observed for TMB1 is likely due to two reasons: (i) the stem-2 and stem-3 had an observed T m of 68°C in the linear duplex described above, therefore it is not possible for the TMB1 system to have an observed T m above 68°C; (ii) the assumed base pair at the outside edge of the stem-1 in TMB1 was very likely not formed due to the overcrowding at the location where stem-1, stem-2 and stem-3 meet. With the assumption that this base pair is not formed, the M-fold program predicts a T m of 63.0°C for TMB1 (in 1 M NaCl), which matches quite well with the observed melting point of 62.5°C. Several other TMBs have also been examined for melting points and the observed T m values were consistent with the assumption that the periphery base pairs were not formed (data not shown).
The second difference between the two MB systems is that TMB1 had the unique appearance at a high temperature range (from 74 to 90°C) that was similar to that observed in the linear duplex (Fig. 1D ) and was indicative of complete dissociation of FDNA1 from its complementary partner.
The effectiveness of MBs can be judged by their signal-tonoise (S/N) ratio and their single-mismatch discrimination ability. The S/N can be simply calculated as the ratio of uorescence intensity in the presence of the match target over the intensity in the absence of any target (i.e. fold of uorescence enhancement), and single-mismatch discrimination ability can be taken as the ratio of the net¯uorescence intensity (F target ± F no-target ) obtained with the match target and with the single-mismatch target (i.e. fold of discrimination). Figure 2B and C plot these two ratios for both MB1 (open data points) and TMB1 (®lled data points) as a function of temperature between 20 and 37°C. For MB1, a maximum of 35-fold in S/N was observed at 20°C and the S/N ratio decreased at a linear rate of 1.4-fold/°C when the temperature increased. For TMB1, the maximal S/N was slightly smaller at 28-fold and the S/N ratio decreased at a slower pace with a near linear rate of~0.95-fold/°C between 20 and 37°C.
MB1 and TMB1 had a comparable capability for single nucleotide discrimination as well (Fig. 3C ) although MB1 held a slight edge again over TMB1 at all temperatures. Both MB1 and TMB1 contain two 6-nt self-complementary motifs that are designed to form the desired 6-bp intramolecular hairpin stem. However, as discussed above, the periphery base pair in the hairpin stem of TMBs was likely not able to form due to the steric hindrance. We speculated that this might be the reason for the slightly reduced performance of TMB1. To test this hypothesis, we made two new TMBs, TMB2 and TMB3, that had the same sequence of TMB1 except an extra AT or GC pair as the periphery base pair in stem-1. Figure 3A shows the relevant thermal denaturation pro®les of the two new TMBs, Figure 3B plots the S/N ratio of TMB1, TMB2, TMB3 and MB1, and Figure 3C compares their discrimination capability. TMB2, with a periphery AT pair, had a much improved S/N ratio that approached that seen with MB1. It also had a slightly improved discrimination capability over TMB1. TMB3, with an extra GC pair, had a smaller S/N ratio but had a robust single-nucleotide discrimination capability in the entire temperature range of 20±37°C. These data suggest that properly designed TMBs can have comparable capabilities as standard MBs in speci®cally recognizing nucleic acid targets.
General utility of the common FDNA and QDNA pair
Since FDNA and QDNA are not directly involved in target binding, they can be used as a universal¯uorophore/quencher pair to construct any MB with a standard DNA oligonucleotide (LDNA) as long as FDNA and QDNA do not affect the formation of the intended hairpin structure of LDNA. This may make TMBs an alternative and cost-effective form of MB for applications that require a large number of probes since there is no need to covalently modify every probe with ā uorophore and a quencher.
To demonstrate the general utility of a single set of FDNA and QDNA for multiple MB assembling, we have constructed three more TMBs, TMB4, TMB5 and TMB6, using three different LDNA molecules and the common FDNA1 and QDNA1 pair. Each LDNA was designed to form a hairpin structure with the universal set of stem-1, stem-2 and stem-3 but with a unique 15-nt loop sequence for target binding. Figure 4A±D illustrates the thermal denaturation pro®les of the four TMBs obtained under three conditions: in the absence of target (diamonds), in the presence of a match target (squares) and in the mixture containing a mismatch target (triangles). As expected, all three new TMBs can signal the presence of match nucleic acid targets by large¯uorescence intensity change. They also exhibited an ability to discriminate against single-mismatch targets. Consistent with the ®ndings previously reported for standard MBs (11), we found that the temperature adequate for carrying out single-mismatch discrimination was dependent on the GC content of the target sequence. When the target is AT-rich (as in TMB3 and TMB4), the TMBs can have a high level of performance in discrimination in the low temperature range. When GC content was suf®ciently high (as in TMB5 and TMB6), the single-mismatch discrimination can be achieved in the high temperature range. For instance, the best temperature for TMB6 (its target is GC-rich with 67% GC content) was near 50°C while TMB3 (its target is AT-rich with 73% AT content) exhibited a large fold of discrimination even at 20°C.
TMB3 (the AT-rich sequence) and TMB6 (the GC-rich sequence) were examined for the real-time signaling capability at a chosen temperature suitable for single-mismatch discrimination (22°C for TMB3 and 50°C for TMB6) and the results are shown in Figure 5A and B, respectively (¯uores-cence intensities were normalized; a`side target' was also used for TMB3, see discussion below). Solutions made of each TMB were incubated at the designated temperature ®rst for 5 min in the absence of any target, followed by the addition of water (i.e. no target; circles), the mismatch target (triangles) or the match target (squares), and the resultant mixtures were further incubated for 30 min more (the¯uorescence intensity of each solution was monitored continuously before and after the target introduction). It is evident that TMBs can be used to effectively discriminate against targets differing only by a single nucleotide for both AT-rich and GC-rich targets. The performance levels of the TMBs were similar to those described previously for standard MBs with similar target sequences (1,4,11) .
Although a TMB is intended for the detection of a DNA target that can form speci®c Watson±Crick base pairs with the loop sequence of the LDNA (see Fig. 1 ), undesirable interactions that disrupt the formation of stem-1 can lead to false positive results. One possible scenario is that a DNA target might give rise to a false positive signal by binding to the LDNA segment consisting of one of the two complementary sequences of the stem-1 and its nearby nucleotides on each side. To assess the level of interference that might occur in this particular scenario, we used a special DNA target, side target 1 (ST-1), to test the false signaling possibility with TMB3. ST-1 contained a 15-nt sequence (the same length as the loop-binding sequences used as the targets throughout this study) intended to disrupt the stem-1 of TMB3 by forming Watson±Crick base pairs with the ®rst seven nucleotides of the stem-1 (as the 5¢ complementary sequence of the stem-1) as well as the eight nearby nucleotides (four on each side of the stem-1). Only a very weak signal was produced with the introduction of ST-1 (Fig. 5A , the data series in diamonds) and the¯uorescence intensity was even lower than that seen with the mismatch target. Therefore, the interference caused by the hypothetical stem disruption was not very signi®cant.
To further demonstrate the general utility of the common FDNA/QDNA pair, we conducted a simple array experiment for target sensing by¯uorescence. In addition to TMB3±6, two new TMBs, TMB7 and TMB8, that again contained the common set of stem-1, stem-2 and stem-3 but different probing sequences, were included for the experiment. Thē uorescence intensity of each TMB in the presence of each DNA target determined at 22°C is plotted in Figure 6A . Without exception, each TMB emits a very strong¯uores-cence in the presence of the match target, but only has very low background¯uorescence in the presence of each of the unintended targets. For instance, TMB7 had a¯uorescence intensity of 217 in the presence of T7, but only had uorescence readings between 14 and 15 when the other ®ve non-desirable targets were used (the background¯uorescence at 13.5). The solutions used for Figure 6A were also placed in microplate wells and scanned to obtain the¯uoroimage shown in Figure 6B . Only samples that contained the match target were able to give rise to detectable¯uorescent signals. Each TMB was also examined for match target detection in the presence of all six targets (six-target mixture) as well as in the presence of only ®ve unintended targets (®ve-target mixture), and was found to¯uoresce at its maximal capability in the sixtarget mixture and only emit¯uorescence at the background level in the ®ve-target mixture (data not shown). These data clearly indicate the general applicability of FDNA and QDNA as universal probes in setting up parallel MBs for high throughput applications.
DISCUSSION
The results indicate that TMBs can have a high performance similar to the standard MBs and¯uorescence signaling by TMBs is highly speci®c as a single base mutation within the target sequence can result in very signi®cant signal reduction. The hairpin structures of TMBs appear to have somewhat decreased melting points as compared with related MBs with identical internal stem±loop sequences. This is likely caused by the dif®culty of TMBs in forming the outside edge base pair in stem-1. This factor needs to be considered when designing TMBs with a desired melting point. After testing more than a dozen TMBs, we found that the melting points of TMBs can still be accurately predicted using the M-fold program if the periphery base pair of stem-1 is ignored. A convenient way to do this is to ®rst design a stem±loop structure with a desired melting point and then to add a`fake' base pair to the outside edge of the stem-1. The two bases in this dummy`base pair' will of course not associate (or not fully associate) when the TMB is fully assembled, therefore their addition will not signi®cantly affect the desired melting point.
Compared with the standard MBs, TMBs have the advantage of being easily adapted for applications that demand a great number of probes. With a single set of FDNA and QDNA and a series of standard LDNA oligodeoxyribonucleotides, a variety of TMBs can easily be assembled for detecting different nucleic acids. For these applications, the use of TMBs can be more cost-effective and also helps to eliminate the tedious procedures involved in synthesizing and purifying each double-labeled DNA probe.
TMBs also have the advantage of a greater¯exibility in uorophore changes. For example, a large number of nucleic acid samples can be probed easily with two or morē uorophores using the TMB approach. This is because the same LDNAs and QDNA can always be used and the additional cost to make new FDNAs labeled with different uorophores is relatively small. Similarly, TMBs are also well suited for the construction of wavelength-shifting MBs (19) and for multiplex detections (4) .
The TMBs have potential in the preparation of MB microarrays. Although DNA microarray technology is in commercial use and has yielded vast amounts of genetic and cellular information (20±25), current DNA array approaches require the labeling of nucleic acid targets with various Figure 5 . Real-time detection using TMB3 and TMB6. The real-time signaling behaviors of TMB3 (A) and TMB6 (B) were assessed as follows: each solution was incubated at a constant temperature (22°C for TMB3 and 50°C for TMB6) for 5 min, followed by the addition of water (no target; circles), a match target (squares) or a mismatch target (triangles), and the continuing incubation at the same temperature for 30 min more. Fluorescent intensity of each solution was collected every minute during the 35 min incubation. The¯uorescence intensity was normalized for each system as (F t ± F 0 ) / (F max ± F 0 ) where F t is the¯uorescence reading of a DNA mixture at a given time, F 0 is the initial reading for the sample containing no target, and F max is the reading at 35 min for the sample containing the match target. The sequences of TMB3 and TMB6 and their match and mismatch targets are listed in the legend of Figure 4 . The data points in diamonds in (A) were obtained for TMB3 with the`side target' ST-1, which has the following sequence d(AACACA-AGGTGGCTCGCCGCGGAAAGCAAA) (the sequence underlined can form Watson±Crick base pairs with the LDNA3 segment covering the ®rst 7-nt complementary sequence of the stem-1 and the nearby four nucleotides on each side).
¯uorophores. Target labeling is not only time-consuming but it can change the level of targets originally present in a sample. With the use of MBs, there is no need to label nucleic acid targets. Since only unmodi®ed oligodeoxyribonucleotides of TMBs need to be immobilized on the array surface, methods that are currently in use for coating microarrays with synthetic DNA oligodeoxyribonucleotides can be directly used to immobilize LDNAs. FDNA and QDNA can then be supplied as a universal stock solution that can be simply mixed with the sample of interest during the hybridization step. Fluorescence is generated during the hybridization and, thus, there is no need to label nucleic acid targets.
In summary, we have demonstrated that properly designed TMBs were as effective as standard MBs in signaling the presence of matching nucleic acid targets and in precisely discriminating targets that differ by a single nucleotide. We have also shown a single set of FDNA and QDNA can be used to construct multiple TMBs for detecting matching targets without false signaling. With the increased assemblinḡ exibility, TMBs can be more cost-effective for applications that demand a large number of DNA probes and more compatible with surface immobilization. Therefore, the alternative MB we describe herein should broaden the utility of MBs as nucleic acid detection probes.
